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ON THE AXISYMMETRIC COUNTERFLOW FLAME
SIMULATIONS: IS THERE AN OPTIMAL NOZZLE
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QUASI ONE-DIMENSIONAL THEORY?
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Two-dimensional axisymmetric numerical analysis of counterflow flames was employed to
better understand the applicability of the quasi one-dimensional theory of Seshadri and
Williams to flames produced by small diameter convergent nozzles. The computational
domain considered included the convergent sections of two opposed nozzles as well as the
surrounding inert annular co-flows. For computational efficiency, the fuel-oxidizer system of diluted hydrogen versus air in non-premixed flame mode, with a detailed chemical
kinetic model and mixture-averaged transport property description, was considered. With
an increase of nozzle diameter from 6.5 mm to larger values (with plug flow velocity profiles at the nozzle exit), the influence of the radial terms on eigenvalue and scalar variables
has been compared. Error metric on nozzle diameter effects is presented with comparison to
typical experimental measurement uncertainties. The analysis also showed that, for nozzle
separation distances below the free-floating limit, the self-similar function in quasi onedimensional formulation can be preserved by specifying radial velocity boundary conditions,
as long as the radial gradients are negligible.
Keywords: Counterflow flames; Nozzle diameter; Nozzle separation distance; Quasi one-dimensional theory

INTRODUCTION
The theory that reduces the two-dimensional axisymmetric counterflow or opposedjet flame configuration to a quasi one-dimensional (1D) formulation is well established
and widely used throughout the combustion community (Kee et al., 1989, 2003; Seshadri
and Williams, 1978; Smooke et al., 1991). The key assumptions in the derivation of quasi
1D theory are (i) description of the radial flow velocity via a self-similarity function, vr =
rU (z), and (ii) zero radial gradients of all scalar variables along the axis of symmetry.
A direct consequence of approximations (i) and (ii) is that the radial pressure-gradient,
 = (1/r) (∂p/∂r), is treated as a constant eigenvalue along the axis of symmetry. The
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validity of this theory has been well established by Seshadri and co-workers (Puri and
Seshadri, 1986) in experiments using large diameter nozzles with screens (typically of the
order of 25 mm or greater in diameter) to produce a uniform axial velocity profile at the
nozzle exits (see Figure 1a), with a nozzle separation distance of about 14 mm.
The above ideal large diameter nozzle counterflow configuration cannot always be
realized in experiments. For example, in conducting studies at extreme pressure or strain
rate conditions, two-phase flows, or when performing advanced laser-based diagnostics,
small diameter nozzles are beneficial and have been explored by many researchers (Mittal
et al., 2012; Wu and Law, 1984). The inconsistencies that could arise from applying quasi
1D theory of Seshadri and Williams (1978) to small diameter nozzles has been a topic
of great interest. Specifically, it is important to quantify the uncertainties introduced in
applying quasi 1D theory to counterflow flames if such data is to be used in chemical
kinetic model optimization or validation investigations.
As first shown by Rolon et al. (1991), experiments with converging nozzles with
large area ratios (without screens) suffer from nonuniform axial velocities as the nozzle
separation distance is reduced from an ideal separation distance that yielded a plug flow
profile (see Figure 1b). A consequence of such nonideal flow separation distance is that the
assumed zero axial velocity gradient in the axial direction at the nozzle exit, ∂vz /∂z = 0
(or U (z) = 0 via continuity equation ∂ (ρvz ) /∂z = −2ρU (z) with constant density in the
cold invicid flow region), is not satisfied in such experiments. A method for correcting this
inconsistent finite U (z) in quasi 1D simulations with nonideal nozzle separation distances
was first proposed by Chelliah et al. (1991). Subsequent work by Dimotakis and co-workers
(Bergthorson et al., 2005, 2011) and by Sarnacki et al. (2012) further highlighted the
importance of proper boundary conditions with nozzle separation distance. In particular,
for premixed flames stabilized over a stagnation plate with heat losses, Bergthorson et al.
(2005, 2011) have shown that the reacting viscous boundary layer is invariant with the nozzle separation distance once the nozzle separation distance is in the free-jet regime. It is
important to note that the quasi 1D theory cannot be applied to freejet regime irrespective
of the nozzle diameter. In contrast to stagnation flame-plate configuration, counterflow or
opposed-jet laminar flames cannot be stabilized at large nozzle separation distances without some anchoring mechanism (see Figure 1b). The nozzle separation distance at which
they are barely anchored is identified as the freely-floating regime, L = LFF (Pellett et al.,
1991; Sarnacki et al., 2012). Moreover, Sarnacki et al. (2012) experimentally demonstrated
that, as this ideal nozzle separation distance that yields a plug-flow profile is approached,
the flame extinction strain rate defined by the Seshadri and Williams theory (identified
here as atheory ) agrees with the local extinction strain rate (identified as alocal ), within the
experimental uncertainties.
The first 2D numerical investigation on small diameter nozzles in counterflow flames
was performed by Frouzakis et al., (1998) using the axisymmetric configuration. The main
focus of their investigation was the effect of nozzle exit velocity profiles (i.e., plug versus
parabolic flow) on predicted non-premixed flame structure, for a specific nozzle diameter
(D = 10 mm) and separation distance (L = 10 mm). In their axisymmetric simulations, the
pressure eigenvalue, , was shown to deviate from the constant value in quasi 1D formulation, especially in the cold region where local flow strain rate is quantified. It was reported
that this deviation reduced as the diameter of the nozzle was doubled, without providing
any quantitative information. The study’s main conclusion was that quasi 1D formulation
is adequate as long as a uniform velocity or plug flow condition is satisfied at the nozzle exit, without any explicit recommendation or guidance on preferred L or D to be used
in experiments. In a more recent axisymmetric numerical investigation on twin-premixed
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Figure 1 Schematic of counterflow diameter and separation distance effects: (a) large nozzle setup (Seshadri type
burner) with plug-flow velocity profile, (b) small diameter nozzles with non-ideal separation distances (L > LFF
with plug flow and free-jet or L < LFF with finite U values), and (c) small nozzles with ideal separation distance
(L = LFF ).

counterflow flames using 14 mm nozzles, Mittal et al. (2012) have shown that the inclusion
of radial heat conduction term in quasi 1D simulations has much greater effect than the
eigenvalue departure from a constant value. The main goal of the investigation was to
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determine the flame stretch effects on premixed burning velocity. Bouvet et al. (2013) also
performed axisymmetric numerical investigations on a premixed flame-plate configuration
using a 7-mm nozzle, including experimental measurement of the velocity field. By considering a nonreacting case with an equivalent L > LFF (i.e., a separation distance greater than
the free-floating regime where quasi 1D theory does not apply), they came to the conclusion that quasi 1D theory fails to represent the stagnation flow-plate configuration. In the
reacting case, with an effective nozzle separation distance less than the free-floating regime
(L < LFF ) due to thermal expansion of the reacting mixing layer, the subtle differences of
the axial velocity predicted using axisymmetric and quasi 1D formulations also highlighted
the inadequacy of the quasi 1D theory.
None of the aforementioned studies systematically addressed the effects of nozzle
diameter on the neglected radial gradients in quasi 1D formulation. As mentioned earlier,
Frouzakis et al. (1998) suggested that doubling the nozzle diameter could reduce the eigenvalue nonuniformity in the cold region. Furthermore, they stated that the average value of
the eigenvalue in axisymmetric simulation is close to the constant eigenvalue assumed in
quasi 1D simulations; hence, the quasi 1D formulation is acceptable for the small diameter
nozzle considered. In experiments, Sarnacki et al. (2012) attempted to address the nozzle diameter effect on counterflow flame extinction limits, however, the two nozzles used
(7 mm and 15 mm) were not identical in area contraction ratio leading to two different
boundary layers at the nozzle exits and they failed to draw any meaningful conclusions.
Here, by using a consistent nozzle geometry generated by minimization of Görtler vorticity
formation (see Bergthorson et al., 2005), the effects of nozzle diameter versus separation
distance on the quasi 1D formulation is analyzed numerically.
In the axisymmetric numerical analysis presented here, the OpenFOAM computational package was used to integrate the governing equations with a Finite Volume Method
solver, that includes the detailed transport and chemical kinetic models (Jasak et al., 2007).
To lower computational cost, diluted hydrogen versus air counterflow non-premixed flame
with a modest extinction strain rate of around 400 s−1 was considered. Such strain rates are
close to the extinction limits of methane-air non-premixed flames and other mildly diluted
hydrocarbon-air extinction limits; hence, these conditions are of great relevance. In addition, in both axisymmetric and quasi 1D simulations, the Soret effects were neglected.
Several computational geometries corresponding to Seshadri type and small diameter nozzle type configurations (see Figure 1) were considered to highlight the differences between
quasi 1D and full counterflow geometry simulations on flame structure as well as extinction
limit predictions.

GOVERNING EQUATIONS AND NUMERICAL APPROACH
The reacting Navier–Stokes equations that describe the conservation of mass,
momentum, energy, and species of axisymmetric counterflow field are well known (Kee
et al., 2003; Williams, 1985), and for brevity, only the essential features are presented
here. A key difference between the 2D axisymmetric (OpenFOAM) and the quasi 1D
implementation is that the equations are written in conservative and non-conservative
form, respectively (see the appendix for a complete mathematical formulation). The
two conservation equations of importance for the present discussion are the steady
state radial momentum and the energy conservation equations—in 2D axisymmetric
implementation:
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In Eqs. (1) and (2), the Term1 and Term2 are the contributions due to radial effects,
for example if the flame should experience any radial gradients due to small nozzle
diameters.
In the OpenFOAM solver, the 2D axisymmetric conservation equations [Eqs. (A.1)–
(A.4)] were integrated using the Finite Volume Method in a segregated manner. The finite
volume terms were calculated using second-order accurate total variation diminishing
(TVD) Van–Leer schemes (Hirsch, 2007). For low-speed reacting flows, an iterative process
was implemented to solve for the pressure field as there is no efficient explicit equation for
pressure at low Mach numbers. This solver used the pressure implicit splitting of operators
(PISO) method (Issa, 1986), which iterates between the solved velocity field and a guessed
pressure field until a specified numerical tolerance is met. For the hydrogen-air system considered, the chemical source terms were described using a detailed chemical kinetic model
consisting of 11 species in 29 reactions, which was extracted from the JetSurf2.0 model
(Wang et al., 2011). All transport and thermodynamic quantities were calculated using the
same approach as the Sandia Transport Package (Kee et al., 1986) and thermodynamic
database (Kee et al., 1993), respectively, and were integrated into the OpemFOAM solver.
To verify the implementation of the OpenFOAM solver, several canonical reacting flow
configurations were considered and are described in the appendix.
In the quasi 1D implementation, the conservation equations were integrated using
Smooke’s counterflow code (Smooke et al., 1991) as well as the Sandia Oppdif code
(Lutz et al., 1997). The same chemical kinetic model parameters as well as the transport
coefficients were implemented for comparisons with the 2D axisymmetric (OpenFOAM)
solution.
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Computational Domain
For a Seshadri type burner having large diameter nozzles (D = 26 mm), an axisymmetric computational domain having a wedge-shaped mesh (see Figure 2a) with uniform
velocity profiles at fuel and air exit planes was considered (i.e., without nitrogen co-flow),
as shown in Figure 2b. For smaller diameter nozzles, a computational domain with similar wedge-shaped mesh but with full details of the converging nozzles with annular inert
nitrogen co-flow was considered, as shown in Figure 2c. As mentioned earlier, the fuel and
air nozzle shapes considered were similar to those used in experiments by Sarnacki et al.
(2012), which were designed to minimize vorticity generation in the convergent section.
In order to analyze the small diameter effects, two grids were generated with inner nozzle

Figure 2 Computational domains implemented showing (a) 2D wedge-shape mesh with r and z coordinates,
(b) typical solution from large diameter Seshadri type plug-flow burners, and (c) solution from a small diameter
nozzle type burners.
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diameters of 6.5 and 13 mm. Together with the Seshadri type configuration described above,
the nozzle diameter effects were analyzed for D = 6.5, 13, and 26 mm. To address the nozzle separation distance effects, several computational grids were generated for D = 6.5 mm
nozzles (L = 4 and 8 mm) and for D = 13 mm nozzles (L = 5, 9, 13, 16, and 19.5 mm).
Various structured grid refinement strategies were explored depending on the complexity of the computational domain. For example, for the Seshadri type burner computational domain (Figure 2b), a uniform grid spacing of 15 µm was used for all the cases
with excellent agreement with the quasi 1D solutions. For more complex small nozzle
diameter computational domains, both uniform and stretched grids were considered. In the
unstretched regions, a uniform grid spacing of 30 µm was maintained with a maximum
aspect ratio of 2.0. To establish grid independence, in the reacting layer the grid was refined
for several cases to achieve a 15-µm grid spacing and the steady-state solutions confirmed
that the results were in the asymptotic range with only 3 K change in temperature between
30 and 15 µm solutions.
Boundary Conditions
Figure 2b shows the computational domain simulated for the Seshadri type burner,
while Figure 2c shows the domain for a small diameter nozzle that included the entirety of
the fuel, air, and co-flow nozzles, mixing region, and outflow region. In the 2D axisymmetric simulations, the inflow planes were different depending on the computational geometry
considered. The boundary conditions imposed at the inflow planes consisted of fixed velocity plug flow, Neumann condition for pressure, fixed ambient temperature (T0 = 300 K),
and fixed species mole fractions (diluted hydrogen (XH2 = 0.16) versus air (XO2 = 0.21)).
The inclusion of the full nozzle geometry in the small diameter simulations allowed the plug
flow upstream velocity to develop into the expected nonuniform velocity profiles at the nozzle exits. The plug-flow velocities prescribed were varied to explore strain effects on the
flame. However, the precise local strain rate specification was difficult due to variation in
nozzle exit velocity profile depending on the nozzle separation distance and thermal expansion. In the small diameter nozzle case, the inert nitrogen co-flow momentum was always
matched with the momentum of the inner jet. This assured that the shear layer formed
between the inner and the outer streams did not influence the flow divergence. Outflow
boundary conditions of the computational domain were similar for all cases and were prescribed by fixing far-field pressure nodes and Neumann conditions for all other variables.
Nozzle walls and edges were described by no-slip, viscous boundary conditions by setting
normal and tangential velocity components to zero, and all other variables were described
by Neumann conditions at the wall face. Chemical reactions were initiated by imposing
a Gaussian temperature profile over a nonreacting diffusion solution and residuals were
monitored to assure convergence for all solutions.
In the quasi 1D flame solutions, the pressure was held constant at the average value
determined from axisymmetric simulations and the temperature and species boundary
conditions imposed were the same as those described above in the 2D axisymmetric simulations. In addition, the velocity boundary conditions (vz and U) in the quasi 1D formulation
were matched with the OpenFOAM solutions (identified as OF) as described below, for
large diameter nozzle (Seshadri type burner):
L
z = ± , vz = (vz )OF , U = 0
2

(5)
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L
L = LFF : z = ± , vz = (vz )OF , U = 0
2

(6)

L
L < LFF : z = ± , vz = (vz )OF , U = UOF  = 0
2

(7)

L > LFF : quasi one-dimensional theory cannot be applied

(8)

RESULTS
Large Diameter Seshadri Type Burner Simulations
Based on the non-premixed flames established between opposed large diameter nozzles (D = 26 mm) with plug-flow velocity profiles, the key terms that support the validity
of the quasi 1D theory of Seshadri and Williams (1978) are presented first. Figures 3 and 4
show a comparison
 of the velocity field (i.e., axial velocity, v ≡ vz , and self-similarity
function, U ≡ vr r) and the temperature as a function of the distance along the axis of symmetry predicted using 2D axisymmetric simulations (solid lines) and quasi 1D simulations
(dashed lines). For the diluted hydrogen and air flame with a moderately high local strain
rate of a = 375 s−1 (Note: the local extinction strain rate is about 480 s−1 ), the velocity
and temperature agreements are well within the numerical uncertainties (see section “Grid
Resolution Effects” in the appendix). Certainly, the differences shown between two implementations are much smaller than the current experimental measurement techniques of flow
strain rates and temperature (Figura and Gomez, 2012; Sarnacki et al., 2012).
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and for small diameter nozzles:

0

Figure 3 Comparison of axial velocity and self-similarity function (U (z)) using axisymmetric (OpenFOAM—
solid line) and quasi one-dimensional (dashed line) simulations, for a plug flow case with a diameter of 26 mm
(Seshadri type burner) and local strain rate of a = 375 s−1 .
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Figure 4 Comparison of flame temperature using axisymmetric (OpenFOAM—solid line) and quasi onedimensional (dashed line) simulations, for a plug flow case with a diameter of 26 mm (Seshadri type burner)
and strain rate of a = 375 s−1 .

A key observation from the above results are that (a) the self-similarity function,
U(z), agrees well in both cold hydrodynamic region as well as inside the reacting mixing
layer region and (b) the excellent agreement implies that the radial terms included in
the axisymmetric simulation are negligible. One can further evaluate the contribution of
the radial terms in 2D axisymmetric formulation in comparison to the dominant axial
terms. For example, in the radial momentum equation, at steady state, the only term that
is neglected in the quasi 1D formulation is the Term1 identified in Eq. (1). Any finite
contribution of the Term1 can be thought of as the residue in Eq. (3) and will manifest as a variation of  in axisymmetric simulations. This residue is identified here as
R . Figure 5 shows a comparison of the eigenvalue, , calculated from quasi 1D and 2D
axisymmetric simulations, together with all other remaining terms contributing to the radial
momentum equation, Eq. (1). For the present large diameter nozzle simulations, the departure
a constant
  value determined from the quasi 1D is very small
 of the eigenvalue from
 = − (7.6 ± 0.2) × 10−4 Pa m2 , especially in the cold hydrodynamic region where the
flow strain rate is typically calculated. In contrast, previous work with small diameter nozzles have reported comparatively larger departure of the eigenvalue from quasi 1D theory
(Bouvet et al., 2013; Frouzakis et al., 1998; Mittal et al., 2012).
Any radial variations in counterflow flames can also influence the solution of energy
and species conservation equations, i.e., scalar properties T and Yi . In Eq. (2), Term2 identifies the radial gradient dependencies in energy conservation equation that give rise to
differences between the axisymmetric and the quasi 1D solutions. For the present discussion, this residual term is identified as Rh . Figure 6 shows a comparison of all the terms
in Eq. (2) evaluated using 2D axisymmetric and quasi 1D solutions, including the residue
term Rh . A very small value of Rh implies that for the present large diameter Seshadri
type burner with plug-flow velocity profiles, the radial term in energy equation is negligible and the quasi one-dimensional theory accurately represents the 2D axisymmetric flow
field.
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Figure 5 Comparison of the terms in radial momentum equation (including eigenvalue, ) using axisymmetric
(OpenFOAM—solid line) and quasi one-dimensional (dashed line) simulations, for a plug flow with a diameter
of 26 mm (Seshadri type burner) and strain rate of a = 375 s−1 .
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Figure 6 Comparison of the terms in the quasi one-dimensional energy equation using axisymmetric
(OpenFOAM—solid line) and quasi one-dimensional (dashed line) simulations, for a plug flow with a diameter of 26 mm (Seshadri type burner) and strain rate of a = 375 s−1 . The residue of axisymmetric solution is
identified as Rh , which is mainly due to the radial heat conduction term.

Nozzle Diameter Effects
While the concept of minimizing radial effects by increasing the nozzle diameter is
not new, the main purpose of the present article is to develop an error metric to quantify the
effect of radial contributions in small diameter counterflow flames, as a function of both the
nozzle diameter and the nozzle separation distance. To our knowledge, such a systematic
investigation has not been reported in the literature, which is now possible due to advanced
computational capabilities available. For two nozzle diameters of D = 13 and 6.5 mm with
a nozzle separation distance of L = 4 mm, Figures 7–10 show comparisons of the velocity
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strain rate of a = 268 s−1 , and (ii) nozzle flow with diameter of 6.5 mm and strain rate of a = 354 s−1 .
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Figure 8 Comparison of flame temperature using axisymmetric (OpenFOAM—solid line) and quasi onedimensional (dashed line) simulations, for (i) nozzle flow with diameter of 13 mm and strain rate of a = 268 s−1
and (ii) nozzle flow with diameter of 6.5 mm and strain rate of a = 354 s−1 .

field and temperature, terms contributing to the radial momentum equation and energy conservation equation, respectively, predicted using the 2D axisymmetric simulations and quasi
1D simulations. Since L < LFF with finite U values at the nozzle exit planes, in quasi 1D
simulations, both vz,±L/2 and U±L/2 values from 2D simulations are imposed. Alternatively,
if these boundary conditions are available from experiments, for example, from PIV measurements (Sarnacki et al., 2012), they can be imposed in quasi 1D simulations. While the
local strain rates are different for the two nozzle diameters considered (a = 268 s−1 for
D = 13 mm and a = 354 s−1 for D = 6.5 mm), a small but noticeable difference of the
flame structure between the 2D axisymmetric and quasi 1D simulations is observed. In particular, the residual term Rh in energy equation (see Figure 11) shows an increased departure
as the nozzle diameter is reduced from 13 mm to 6.5 mm. A quantitative comparison of
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Figure 9 Comparison of the terms in radial momentum equation (including eigenvalue, ) using axisymmetric
(OpenFOAM—solid line) and quasi one-dimensional (dashed line) simulations, for (i) nozzle flow with diameter
of 13 mm and strain rate of a = 268 s−1 and (ii) nozzle flow with diameter of 6.5 mm and strain rate of a =
354 s−1 .
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Figure 10 Comparison of the terms in the quasi one-dimensional energy equation using axisymmetric
(OpenFOAM—solid line) and quasi one-dimensional (dashed line) simulations, for (i) nozzle flow with diameter of 13 mm and strain rate of a = 268 s−1 and (ii) nozzle flow with diameter of 13 mm and strain rate of
a = 354 s−1 . The residue of axisymmetric solution is identified as Rh , which is mainly due to the radial heat
conduction term.

diameter effects on , Rh , and U is presented in the section, “Metric for Quantification of
Radial Effects.”
For the smaller diameter nozzles (D = 6.5 mm), the temperature comparisons shown
in Figure 8 indicate 46 K difference in peak flame temperature between the 2D axisymmetric and quasi 1D simulations. This difference is certainly greater than any numerical
effects discussed in the appendix (of the order of 10 K). In contrast, for the larger diameter nozzle (D = 13 mm), difference in predicted peak temperature is 20 K. Since accurate

Residual Term of Energy Equation,
Rh (Kg/m/s3 × 10−8)
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Figure 11 Comparison of the residue term only in the energy equation (Rh ), for (i) nozzle flow with diameter of
13 mm and strain rate of a = 268 s−1 and (ii) nozzle flow with diameter of 13 mm and strain rate of a = 354 s−1 .

estimation of flame temperature is critical for chemical kinetic model validation, it is important to understand the origin of these temperature variations. The first clue is that, for the
D = 6.5 mm nozzle, the deviation of self-similar function U between the two simulations
is significant irrespective of the specification of the exact axial velocity and U values at
the boundaries (see Figure 7). Examination of the terms contributing to the radial momentum equation (Figure 9) shows that while most terms are of the same order, the eigenvalue
spread is significantly large for the D = 6.5 mm case in comparison to the D = 13 mm nozzles. Secondly, consistent with the analysis by Mittal et al. (2012), the residue of the energy
equation is dominated by the radial heat conduction term and increases with decreasing the
nozzle diameter (see Figure 11).

Nozzle Separation Distance Effects
Unlike in the Seshadri type burner with screens, in small diameter nozzle experiments
it is impossible to determine a priori the ideal nozzle separation distance where U = 0 at the
boundaries. This is because of the variability of the mixing layer thickness, Lmixing , which
depends on the thermal expansion associated with the overall heat release and the imposed
flow strain rates (or the Reynolds number). Thus, in quasi 1D simulation of small diameter counterflow experiments with an arbitrarily selected nozzle separation distance, the
finite U values at the boundaries must be either measured from experiments, or calculated
as in present 2D simulations. The fundamental assumption in such quasi 1D calculations
with imposed finite U values is that the radial gradients are negligible irrespective of the
nozzle diameter. To explore the applicability of this assumption, 2D axisymmetric calculations were carried out for several different nozzle separation distances using both nozzle
diameters considered above. For brevity, only the smaller diameter nozzles’ results are presented here. Figures 12–15 show a comparison between the 2D axisymmetric results and
the quasi 1D simulations for L = 4 and 8 mm. Qualitatively, smaller separation distance
simulations with imposed finite U values seem to yield results in closer agreement with the
2D axisymmetric simulations.
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Figure 12 Comparison of axial velocity and self-similarity function (U(z)) using axisymmetric (OpenFOAM—
solid line) and quasi one-dimensional (dashed line) simulations, for two separation distances using 6.5 mm nozzles
(i) L = 8 mm and strain rate of a = 290 s−1 and (ii) L = 4 mm and strain rate of a = 354 s−1 .
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Figure 13 Comparison of temperature using axisymmetric (OpenFOAM—solid line) and quasi one-dimensional
(dashed line) simulations, for two separation distances using 6.5 mm nozzles (i) L = 8 mm and strain rate of a =
290 s−1 and (ii) L = 4 mm and strain rate of a = 354 s−1 .

Metric for Quantification of Radial Effects
Instead of making qualitative comparisons between 2D axisymmetric and quasi 1D
simulations, a quantitative estimate of the neglected radial terms can be evaluated by
suitably defined error metric, for example the L2 -norm given by:

L2 (φi ) =

Nc
j=1

(φi )2j

Nc

(9)

where φi2 = (2D − 1D )2 , R2h , or (U2D − U1D )2 are summed over computational cells,
Nc , from j = 1, . . . , Nc along the axis of symmetry. Figures 16 and 17 show comparisons
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Figure 14 Comparison of the terms in radial momentum equation (including eigenvalue, ) using axisymmetric
(OpenFOAM—solid line) and quasi one-dimensional (dashed line) simulations, for two separation distances using
6.5 mm nozzles (i) L = 8 mm and strain rate of a = 290 s−1 and (ii) L = 4 mm and strain rate of a = 354 s−1 .
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Figure 15 Comparison of the terms in quasi one-dimensional energy equation using axisymmetric
(OpenFOAM—solid line) and quasi one-dimensional (dashed line) simulations, for two separation distances using
6.5 mm nozzles (i) L = 8 mm and strain rate of a = 290 s−1 and (ii) L = 4 mm and strain rate of a = 354 s−1 .
The residue of axisymmetric solution is identified as Rh , which is mainly due to the radial heat conduction term.

of such a metric as a function of the nozzle diameter and nozzle separation distance,
respectively.
The large diameter Seshadri type burners clearly yield the lowest L2 -norm as seen
from Figure 16. However, it may be useful to correlate the error metric to typical measurement uncertainties and explore the existence of an optimal nozzle diameter and separation
distance or a range in applying quasi 1D theory. To address this question, the eigenvalue variance shown in Figure 9 is first correlated with the local strain rate variations.
For example, in the case of diluted hydrogen and air flame considered, for D = 13 mm
case, the predicted eigenvalue variation between −2.86 × 10−4 to −3.4 × 10−4 Pa/m2
corresponds to a local strain rate variation of 267 s−1 to 275 s−1 and to a peak flame
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Figure 16 Comparison of the L2 -norm evaluated based on , Rh , and U as a function of the nozzle diameter, for
nozzle separation distance of L = 4 mm. Note: L2 -norm values are normalized by those at D = 6.5 mm.
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Figure 17 Comparison of the L2 -norm evaluated based on , Rh , and U as a function of the nozzle separation
distance, for nozzle diameter of D = 13 mm. Note: L2 -norm values are normalized by those at L = 5 mm.

temperature variation of 1228 K to 1240 K. These variations are well within the current
measurement uncertainties (Figura and Gomez, 2012; Sarnacki et al., 2012). Even for
the smaller diameter
considered, the eigenvalue variation between −5.75 × 10−4
 nozzle
−4
2
to −7.0 × 10 Pa m yields very modest local strain rate variations between 328 s−1 to
339 s−1 and peak flame temperature variations of 1167 K to 1185 K, again well within the
experimental measurement uncertainties, but greater than the numerical uncertainties.
Figure 17 shows the variation of error metrics for the large diameter nozzle as a function of nozzle separation distance. For L < LFF , with the inclusion of finite radial velocity
gradient effects [i.e., finite U—see Eq. (7)] in the quasi 1D calculations, increase in L yields
a lower error. This reduction in error can be related to lower radial gradients as the nozzles
are pulled apart. However, as the nozzle separation distance approaches or exceeds the freefloating limit (i.e., L > LFF ), where quasi 1D theory is not applicable [see Eq. (8)], the error
metric is seen to increase.
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While this investigation considered only a limited range of flame strain rate variations (slightly away from flame extinction limit), based on the above discussion, it may
be reasonable to conclude that as long as finite U values are imposed at the boundaries, small diameter nozzle experiments with nozzle diameters of the order of 12 mm or
greater can be used
 with quasi 1D simulations. Furthermore, for 13-mm diameter nozzles
1 < L D < LFF D is seen to yield the lowest departure between 2D and quasi 1D solutions. Whether this finding can be generalized to any small diameter nozzles is not clear.
One essential requirement in applying the quasi 1D theory is that the nozzle separation distance must lie between the free-floating distance and the mixing layer thickness. Violation
of the latter will lead to heat losses at the nozzles.
CONCLUSIONS
2D axisymmetric counterflow reacting flow simulations were performed to investigate the applicability of quasi 1D theory of Seshadri and Williams to small diameter, large
area-ratio converging nozzles. Analysis was also performed with large diameter nozzles
with plug flow boundary conditions (Seshadri type burners) to demonstrate the negligible
effects of the radial terms in conservation equations. When applied to smaller diameter converging nozzles, the influence of non-zero contributions of radial terms on radial
momentum and energy conservation equations were explicitly evaluated. Based on a normalized error metric, and the diluted hydrogen versus air non-premixed flames considered,
it was suggested that nozzle diameters greater than 12 mm will yield errors less than numerical uncertainties and certainly well below current experimental uncertainties. With regard
to nozzle separation distance, analysis was performed for distances greater than the mixing
layer distance and lower than the free-floating regime distance. It was shown that, as long
as radial effects are small, specification of finite values for the self-similar function at the
boundaries in quasi 1D simulations can predict the flow strain rates and flame temperature
within numerical or experimental uncertainties.
While the verification of the 2D OpenFOAM numerical solver was performed by
considering chemical source term integrations, premixed flame structure solutions, and
non-premixed flame extinction limit predictions using simpler Seshadri type burner configuration, further work is needed to establish the nozzle-based extinction limit predictions.
Once completed, the solver developed with parallel computing capabilities can provide
a valuable tool for future multi-dimensional laminar flame investigations with detailed
chemical kinetic models.
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APPENDIX: VERIFICATION OF OPENFOAM NUMERICAL SOLVER
The OpenFOAM computational package was used to integrate the following reacting
Navier–Stokes equations:
∂ρ
+ ∇ · ρv = 0
∂t

(A.1)

∂ρv
+ ∇ · (ρvv) = −∇p + ∇ · T
∂t

(A.2)

∂ρhs
+ ∇ · ρvhs − ∇ · ρα∇hs + ∇ ·
∂t

N

ρhsi V i = −

i=1

∂ρYi
+ ∇ · ρvYi − ∇ · ρDi ∇Yi = wi ,
∂t

N

h0i wi

(A.3)

i=1

i = 1, . . . , N

(A.4)

where ρ is the density, v the velocity vector, p the pressure, T the deviatoric stress tensor,
hs the sensible enthalpy, and α the thermal diffusivity of the mixture. For species i, Yi is the
mass fraction, Di the mixture average diffusion coefficient, V i the mixture average diffusion
velocity, h0i the chemical enthalpy, hsi the sensible enthalpy, and wi the mass production
rate. The conservation equations were solved in a segregated manner using second-order
accurate total variation diminishing (TVD) Van–Leer schemes. The finite volume equations
were integrated in time using the first-order implicit, Eulerian method. Each equation is
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solved by iterating until the L2 -norm of the residual to all equations were less than 10−9 .
Simulations were run until steady state was reached. For the purpose of this work, steady
state conditions were reached when the norms of all residuals were stationary.
There is no computationally efficient equation that can be used to solve for the pressure field of low Mach number reacting flows. To calculate pressure, the work presented
here used the pressure implicit splitting of operators (PISO) method (Issa, 1986), which
iterates between the solved velocity field and a guessed pressure distribution until a specified numerical tolerance is met. This pressure-solving technique is computationally efficient
and has precedence in the combustion community (see Cuoci et al., 2013; Oevermann et al.,
2009; Reinelt et al., 1998).
The sections that follow cover in detail the verification of the OpenFOAM solver via
comparison of the 2D solutions with a set of canonical combustion cases simulations.
Chemistry Source Term Integration
A direct comparison study was performed in order to verify the correct time integration of chemical source terms by the OpenFOAM solver. The ignition of a homogeneous
mixture at constant pressure and enthalpy was simulated with initial mole fraction of
XH2 = 0.17, XO2 = 0.17, and XN2 = 0.66. This homogeneous combustion case was verified against Sandia SENKIN solver (Lutz et al., 1987) and the results are shown in
Figure 18. This was repeated for several different homogeneous mixture concentrations
with the results showing the same consistency.
Premixed One-Dimensional Reacting Flow Solution
A direct comparison study was also performed between the OpenFOAM solver and
Sandia 1D premixed flame code (Kee et al., 1998) by considering the spatially varying
chemical reactor with a specified constant temperature. The inflow conditions considered were velocity of 2 m/s, species mole fractions of XH2 = 0.004, XO2 = 0.001, and

Result Normalized to Maximum
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Figure 18 Comparison of temperature and species evolution of a homogeneous mixture at constant pressure and
constant enthalpy conditions
 OpenFOAM
 and SENKIN codes. Results are normalized to their maximum
 using

values, i.e., T/Tmax , XH2 / XH2 max , XO2 / XO2 max , and XOH / (XOH )max .
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Figure 19 Variation of species mole fractions in a one-dimensional reactor at constant T = 980 K and p = 1 atm,
with inflow conditions of v = 2 m/s, XH2 = 0.004, XO2 = 0.001, and XN2 = 0.995.

XN2 = 0.995, with a constant temperature of 980 K. Pressure was treated as constant at
1 atmosphere in the Sandia code, while the OpenFOAM’s PISO method with a far-field
pressure node introduced a small pressure departure of the order of 10−3 Pa throughout the
computational domain. For the above highly diluted case, a 1D mesh was constructed for
the OpenFOAM case, with grid spacing in the axial direction of 100 µm.
Although the species concentrations are small, for the highly reactive hydrogenoxygen mixture with large species gradients are sensitive to the order of discretization of
governing equations. Specifically, for a well resolved case, implementation of a central differencing scheme in Sandia 1D premix code is found to yield better agreement with the
second-order accurate FVM in OpenFOAM, as shown in Figure 19. As seen in this figure,
the default upwind discretization yields a markedly different species profile.

Counterflow Flame Structure and Extinction Limits
To verify that the OpenFOAM solver could sufficiently simulate counter-flow flame
structure and extinction limits, a direct comparison study was performed in comparison to
the solution of quasi 1D governing equations using Smooke’s code (Smooke et al., 1991)
and Sandia Oppdif Code (Lutz et al., 1997). It is worth noting that the default discretization
of species and energy equations of Sandia and Smooke’s codes is upwind for advection
terms and central-differencing for diffusion terms. For the same inflow boundary conditions of a diluted hydrogen-air non-premixed flame, these two codes resulted in a 4 K
difference in the peak flame temperature for a moderately strained flame with a similar
grid resolution, which we were unable to explain. However, implementation of a central
difference scheme for the advection terms in Smooke’s code resulted in a 12 K peak temperature difference. Thus, we believe that the observed peak temperature deviation of 10–15 K
between OpenFoam and quasi 1D solvers is likely to be due to numerics. Such temperature
differences are expected to influence global flame property comparisons.
Even though it is not the main focus of the present article, the ability to not only predict the flame structure but also predict the extinction limits using the OpenFOAM solver
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was explored using the Seshadri type flow configuration with a plug-flow velocity profile
at the inlets, as shown in Figure 2a. In this study, the computation domain considered
was a smaller 13.5 mm by 13.5 mm axisymmetric domain. The non-premixed inflow of
fuel and oxidizer streams consisted of diluted hydrogen (XH2 = 0.16, XN2 = 0.84) versus
air (XO2 = 0.21, XN2 = 0.79). The temperature of both inflow streams were assumed to
be at 300 K. The outflow boundary condition used a far-field condition for pressure and
Neumann condition for all other quantities. The opposed stream flow velocities were gradually increased and convergence was confirmed at strain rates ranging from 200 to 450 s−1
(quasi 1D solutions predict flame extinction at about 480 s−1 ). For consistency, both simulations used mixture averaged diffusion for species transport, a detailed hydrogen kinetic
model extracted from JetSurf2.0 (Wang et al., 2011), and the same uniform grid resolution
of 15 µm. A comparison of the predicted flame structure for a local strain rate of 365 s−1
is shown in Figure 20, with comparison to the Smooke’s quasi 1D code solution. For the
case shown, the temperature difference is within 2 K. Figure 21 shows a comparison of the
predicted peak flame temperature versus local strain rate, for the same axisymmetric case
with plug-flow boundary conditions (Seshadri type burner) using OpenFOAM solver and
Smooke’s quasi 1D code (Smooke et al., 1991). Numerical error effects in OpenFOAM and
the origin of uncertainties shown in Figure 21 are discussed next.
Grid Resolution Effects
Numerical error and grid dependence effects were analyzed in order to remove
the possibility that the general trends highlighted are due to numerical sources. A systematic grid refinement study was examined to determine the grid independence for the
OpenFOAM cases. Since the discretization scheme used here was second-order accurate,
the observed order of accuracy for a response quantity should be close to 2.0. For a reacting
case, three consecutive grid refinements yielded observed order of accuracies of 1.84, 1.78,
and 1.67 for strain rate, maximum temperature, and H-atom concentrations, respectively.
This confirms that the grid choices used in this article are within the asymptotic range and
grid independent. These observed order of accuracies were greater than 1.5, which allowed
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Figure 20 Comparison of the flame temperature profiles predicted using OpenFOAM and quasi one-dimensional
codes, for strain rates of a = 375 s−1 .
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Figure 21 Prediction of maximum flame temperature variation with increasing flow strain rate of a diluted nonpremixed hydrogen vs. air flame, using both OpenFOAM and quasi one-dimensional simulations.

a factor of safety of 1.5 in the calculation of a grid convergence index (GCI) using Roache’s
method and Richardson extrapolation (see Roy and Oberkampf, 2010). This resulted in
error estimates of less than 2% for x = 15 μm, for the peak temperature in the counterflow flame simulations that were used to verify the OpenFOAM solver. When the 2% error
applied to temperature obtained from the OpenFOAM solver, Figure 21 shows a predicted
flame temperature uncertainty versus local flow strain rate.

